In this study, we acquired video images from the index finger of subjects using white light emitting diode (WLED) of a smart phone as light source and a camera as optical detector on a frame-by-frame basis, converted the acquired images into red, green and blue (RGB) formats and detected the images in the form of photoplethysmography (PPG) waveforms through real-time video signal processing. Through utilization of secondary derivative photoplethysmography (SDPTG), a PPG second order differential form, the parameters used to monitor arterial stiffness of b/a ratio, d/a ratio and Aging Index (AI) were calculated. From the results of correlation analysis between the value calculated from smart phone and the value calculated by reference equipment, statistically significant results of b/a ratio (r=0.919, p<0.001), d/a ratio (r=0.889, p<0.001) and AI (r=0.938, p<0.001) were obtained. Based on this, we carried out evaluation on the arterial stiffness such as arteriosclerosis using optical devices of smart phones.
Introduction
The smart phone has become an integral part of modern life. The processing ability of smart phones has been used for a variety of purposes. The recent development of smart phone technology has brought possibility of applications such as real-time data processing, information collection and remote information transmission using wireless communication. Based on these technologies, smart phones have the potential as bio-signal monitoring devices at anytime and anywhere without additional hardware [1, 2] . In particular, the subtle color changes of images acquired through digital camera of smart phone include pulsatile signal that changes depending on the heart rate [3, 4] . The images acquired through digital camera after projecting the light source from WLED flash into the skin are similar to reflection PPG imaging [3] . Jonathan et al. extracted the heart rates from a sequence of video images [3] , and Pelegris et al. conducted a comparative analysis on the heart rates detected using commercialized pulse oximeters and heart rates measured using smart phones [5] . It is well known that physiological conditions of cardiac autonomic function, atrial flutter and blood loss can be detected using the heart rates detected by PPG [6] [7] [8] [9] .
Moreover, PPG signal has a similar form to that of distal artery pressure wave. In general, this signals are related to the characteristics of the arteries such as arteriosclerosis [10] . However, a phenomenon in which PPG signals become distortion due to damping makes it difficult to classify waveforms and recognize inflection points. Based on smart phone, Takazawa et al. suggested SDPTG, a second order differential form of PPG. Characteristic point of the SDPTG waveforms are defined as initial positive wave (a-point), early negative wave (bpoint), re-increasing wave (c-point), re-decreasing wave (d-point) and diastolic (e-point) respectively. The existing studies found that an increase in the age has a proportional relationship with b/a ratio and an inverse relationship with c/a, d/a, and e/a ratio. Thus, AI was defined as b-c-d-e/a. Therefore, the AI also has a proportional relationship [11] . The correlation research between indices calculated from SDPTG waveforms, carotid artery distensibility [12] and augmentation index [11] was carried out. These studies suggested that characteristic of the blood vessels such as hardening of the arteries would be measured through SDPTG indices.
In this study, we evaluated the arterial stiffness by calculating parameters such as b/a ratio, d/a ratio, AI used to monitor arterial stiffness based on real-time analysis of the pulsatile signals through the non-invasive detection based on smart phones. 
Methodology

Smart phone
Our research set up consisted of a smart phone (Galaxy S2, Samsung, Korea) running Android OS 2.3 with a 1 GHz Samsung Exynos 4210P dual-core, 1GB RAM, 800 million pixels CMOS camera module mounted and a screen resolution of 800×400 pixels with 16M colors.
In general, smart phones are equipped with a camera device and WLED is located next to the camera device as a light source (see Figure 1(a) ). Index finger of subjects was illuminated with WLED source of a smart phone and re-emitted signals were detected by the camera of a smart phone (see Figure 1(b) ). Image data (320 × 240) was acquired at 30 frames/sec from a camera and it was converted into frame-by-frame single R, G and B values through signal processing in real time. From the converted RGB data, PPG waveforms were obtained by taking the average of the entire pixel. We have been developed android application for practical use. User-friendly PPG waveform is displayed to lead appropriate waveform for obtainment (see Figure 1 (c)). 
Subject & Data acquisition
In this study, an experiment was conducted after obtaining informed consent, targeting 46 healthy adults, none of whom reported present or previous diseases or injuries associated with cardiovascular system. Restrictions on the experimental environment and process were not strict. The target tissue of in this paper is the index finger. As reference equipment for evaluating the arterial stiffness evaluation parameters, PPG measurement modules (MP150 & PPG 100C module,. Biopac, USA) and PPG sensors (TSD200,. Biopac, USA) were used, and PPG data obtained by 1 kHz sampling rate was recorded on the PC. First, users were made to obtain data from smart phones by manipulating the smart phones for themselves after acquiring data using reference equipment.
However, help was given to subjects whose operational ability is lacking, and re-measurement was performed for those who are not familiar with measurement methods in case of failure in conducting experiments.
Data processing
The images acquired through a digital camera after projecting the light source onto the index finger from the WLED flash mounted on the smart phones can be obtained in the form of YUV420 (NV21). The YUV420 format was converted into RGB888 format through implementing the conversion formula (<15ms) to have 8bit resolution. The mean value of red and green images in the whole pixels was calculated, a single color value was obtained in real time, and finally it was converted into the form of the PPG signal with a sampling rate of approximately 30Hz.
Accordingly, the unevenly sampled signals converted into 30Hz were changed to evenly spaced signals with a sampling rate of 100Hz (PPG maximum frequency of 10 times or more) through linear interpolation before being treated as SDPTF waveform. After implementing the linear interpolation, the PPG signals were differentiated through second derivate segmentation. The differential was calculated using the difference between simply continuous samples, 10Hz 3rd order butterworth low-pass filter was taken to remove the high frequency noise caused by the differential. Figure 2 shows a flowchart of the SDPTG characteristic point detection algorithm implemented to detect the characteristic points. The characteristic detection algorithm was implemented using the differential and zero crossing methods. SDPTG, the second derivative waveform was differentiated to calculate third derivative photoplethysmography (THPTG), the third derivative waveform. For classification and detection of each pulsebeat, the maximum value of THPTG waveforms was detected for 3 seconds, and the point at which 70% of the maximum value detected in 3 seconds was set as initial threshold.
Characteristic point detection algorithm
After setting the threshold, it is determined whether THPTG waveforms cross the threshold. If they cross the threshold, the first zero-cross point of THPTG waveforms is detected as a-point, and the subsequent zero-cross points of the third-order differential waveforms are detected as b, c, d and e-points respectively. After completing the detection of e-point, it is identified whether characteristic points with 10 beats or more are detected. If they are less than 10 beats, the process that identifies whether THPTG waveforms are greater than the initial threshold is repeated until the measurement of 10 beats is completed. After completing the detection of the characteristic points of 10 beats, the median value of each value measured is selected as a representative value of each wave through quick sorting of 10 characteristic points. The parameters used in the evaluation of arterial stiffness, such as b/a ratio, d/a ratio, and AI were calculated on the basis of a-point.
Figure 2. Flowchart of characteristic point detection of SDPTG
Statistics
To evaluate the consistency of SDPTG waveforms, PPG waveforms acquired using Biopac were converted into SDPTG waveforms through the same signal processing process. For analysis on the degree of agreement between waveforms acquired through smart phones and those obtained from reference equipment, %D (distance) between waveforms were calculated using the method of Carry et al. [13] . D is represented as %D through division by the maximum value, and 100 samples were used for 1 second. The waveforms of reference equipment were compared by signal processing through the same method. In addition, the two waves were analyzed through synchronization based on the maximum point of a-point, and the average of 10 beat-waveforms from subjects was calculated as %D. To identify relevance of the detected parameters, we conducted Bland-Altman analysis as well as correlation analysis between signal acquired through smart phones and those obtained from reference equipment. For statistical analysis, SPSS 17.0 for Windows and Medcalc were used, and p<0.05 was selected as the level of significance.
Results
Verification of significance in SDPTG
SDPTG waveforms detected from smart phones and reference equipment are shown in Figure 3 . As a result of test, the average distance of SDPTG waveforms detected from smart phones and reference equipment turned out to be the maximum of 5.74 ± 0.71 to the minimum of 1.98 ± 0.67. From this result, it was found that the data of all subjects doesn't exceed 6%, and the average is 3.79 ± 0.68, which shows high similarity of signals [13] . [13] . In addition, the regression line of Bland-Altman plot showed that as the average of two parameters increases, its difference also increases (see Figure 4 ). This result means that the results on the SDPTG parameters of subjects are widely distributed. Based on this statistical analysis result, it can be safety said that the measurement of SDPTG parameters in this study is statistically reliable.
Verification of possibility in parameter of SDPTG
Therefore, we assessed vascular stiffness grades divided into A to E by the state of the blood vessels (see Figure 1(d) ). The state of the blood vessels is described in Table 2 . 
Conclusion
In this study, we evaluated arterial stiffness by calculating b/a ratio, d/a ratio, AI through detected SDPTG waveform. This indices used the arterial stiffness monitoring through the optical devices of smart phones. We conducted a comparative analysis between the parameters acquired through experiment and results of reference equipment.
From the results of correlation analysis between parameters, scatter plots and Bland-Altman plot statistical analysis, statistically significant results were obtained.
To conclude, this study shows that arterial stiffness monitoring that overcomes time, space and cost limitations can be achieved using smart phones. It can contribute to prevention like artery disease. In addition, it is expected that smart phones available at any time and any place can make a major contribution to the management of cardiovascular disease.
In the future, if the reproducibility and accuracy is to be enhanced through expanding the number of subjects and conducting experiments and researches on the subjects with the cardiovascular diseases, illnesses and symptoms of diseases, this study will be efficiently utilized in the field of cardiovascular preventive medicine.
